ABSTRACT
The NRL Acoustic Research Tank Facility, with its capability for obtaining numerical planar scans and graphic recordings of radiation patterns, has been adapted for use in parametric sonar studies. In a preliminary set of experiments, the facility was used to study difference-frequency radiation from an acoustic parametric source. The source utilized a USRD type E8 transducer, driven simultaneously at two frequencies close to the resonance frequency of 1.5 MHz. This report describes the experimental apparatus and illustrates the flexibility of the tank facility as a research tool in nonlinear acoustics. It also presents measured values of the difference-irequency sound pressure level and a sequence of radiation patterns that illustrates beam formation in the near field of the parametric source.
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This is an interim report on a continuing NRL Problem.
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INTRODUCTION
An acoustic parametric source has been assembled and operated in conjunction with the NRL Acoustic Research Tank Facility. The source utilizes a single USRD type E8 transducer, driven simultaneously by two sinusoidal current components of equal amplitude at frequencies close to the resonancc frequency of 1.5 MHz. Because of the nonlinear nature of acoustic propagation, the two high-frequency primary signals mix within the medium to generate narrow-beam radiation at the difference frequency. The maximum electrical power delivered to the source in both frequency components together is about 6 W. At this power level each primary acousti signal ha a nominal source level of 204 dB re 1 pPa at 1 m. Typical difference frequencies range from 25 to 200 kHz. Other descriptions of difference-frequenc, generation by an acoustic parametric source are found in the reports that are listed in the S ibliography.
The first section of this report describes the experimental equipment and some of the problems associated with its use; the serond section describes the performance of the parametric source.
DESCRIPTION OF QUIPMEr Electronic Equipmeuit
The experimental x angement was developed in the upper tank facility at NRL, which has a cylindrical wooden tank, 20 ft in diameter and 22 ft deep. A block diagram of the equipment is shown in Fig. 1 . The equipment inside the dashed line is part of a measurement system that was installed by Scientific Atlanta, Inc. Items outside the dashed line .epresent additional equipment needed to augment the system.
Transmitting System-Two high-frequency primary components are supplied by two separate oscillators. An electronic frequency counter is available to measure either frequency. Cables from each oscillator lead to the input tap on the front of a Scientific Atlanta line driver which is part of the original installation. The driving signal next passes through a signal gate and then to an attenuator, which is connected into the circuit by means of a patch cable from the XMTR OUT to the ATTENUATOR IN taps on the control panel. A cable from the ATTENUATOR OUT tap then takes the drivin 6 signal to the GR1233A power amplifier and from there to the E8 transducer. A high-pass filter has been added to the output of the power amplifier to block the slight amount of differencefrequency current that is generated within the amplifier. The filter is a ' network consisting of two 0.0033-pF capacitors and a 3.5-p.iH inductor to ground. 
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The rms amplitude of each primary component of the driving current is measured by means of i Pearson Electroi.ks Current Trai.sformer looped about one wire leading to the transducer. The current transformer produces a voltage, proportional to the current, that is measured with a HewletU Packard Model 310A Wave Analyzer during cw operation of the V:ansducer. In some cases, when the power amplifier was operated at close to its maximum level, th.e current amplitude during pulsed operation was slightly greater than during cw operation. In these cases the amplitude of a current pulse was determined by comparing the pulsed and cw signals on the oscilloscope and then adjusting accordingly the cw amplitude read from the wave analyzer.
Receiving System-The receiving hydrophone, which is either an LC32 used alone or an E8 used with a Krohn-Hite 3200 low-pass filter, is connected to a Scientific Atlanta 1116 combined preamplifier and filter unit. This preamplifier and filter unit is needed in addition to the preamplifier in the Scientific Atlanta installation to help raise the relatively weak difference-frequency signals to a level of 1 V, needed to drive the recorders. The added Krohn-Hite filter was used only in cc anection with the E8 hydrophone; it blocked the high-frequency primary signals more ef,.ctively than did the filters within the 1116 preamplifier and filter uni'. alone. The Krohn-Hite filter was unnecessary with an LC32 hydrophone because that hydrophone is insensitive to the high-frequency components.
The received signal enters the Scientific Atlanta installation at the SIGNAL IN tap on the control panel. Because the preamplifiers are designed to feed into a 75-ohm load, a 75-ohm resistor was connected across the output of the first preamplifier. The preamplifier, attenuator, filter, gate, and recorder within the Scientific Atlanta installation are interconnected by means of patch cables on the control panel. The input and output impedances of all Scientific Atlanta equipment are 75 ohms except for the high input impedance of the preamplifier. The input and output impedances of the Krohn-Hite bandpass filter were modified during its original installation so that one may choose to include or bypass it without altering the nominal gain of the receiving system. As modified, the input and output impedances of the Krohn-Hite filter are 75 and 4 ohms.
A pulse timing generator to trigger the transmitting and receiving gates and a servomechanism to rotate the transducer and to control the motion of the graphic recorders are also part of the Scientific Atlanta installation,
Properties of Transducers
Parametric sound generation was accomplished with the USRD type E8#50 transducer. The E8 transducer operates in the frequency range from 100 to 2000 kHz, with a resonance at approximately 1450 kHz. The 3 6B bandwidth of the resonance peak is about 250 kHz. The active element of the transducer is a disk of lithium sulfate 2 cm in diameter, and the nominal electrical input resistance at resonance is 50 ohms. The E8 transducer is driven by two sinusoidal current components at frequencies close to resonance; it thus generates two primary acoustic waves that mix nonlinearly in the water to form a difference-frequency wave. Each primary wave consists, approximately, of a near-field collimated plane wave of cross-section diameter equal to that of the radiating disk and extending to the Fresnel distance R 0 = AA, and a far-field portion whose amplitude is inversely proportional to range. The level of each primary component is expressed either in terms of an average amplitude of the near-field collimated wave, or in terms of the source level, which is the fai-field SPL extrapolated to a range of 1 m. Either quantity is determined from the transmitting current response, which in turn is calculated from the transducer's free-field voltage sensitivity Me and the plane-wave or spherical-wave reciprocity parameter (1). A calibration curve for transducer E8#50, giving Me as a function of frequency, was supplied by the Underwater Sound Reference Division, Orlando, Fla. Part of the curve is reproduced in Fig. 2a . The free-field voltage sensitivity at resonance is -201 dB re 1V/pPa.
The transmitting current response at resonance for the average pressure in the nearfield region is given by the reciprocity relation 20logSi = 20logMe + 2o0 log ' 226dBreIpPa/A.
Similarly, the transmitting current response at resonance for the far field at a range R 1 m is
The SPL of each primary wave is shown against range in Fig. 2b , where it is assumed that transducer E8#50 is driven at resonance with a current of 1 A. The averaged near-field SPL is flat in the region extending to 0.30 m, where the far-field response begins. More information concerning the E8 transducer is available in a USRD instruction book (2) and in Ref. 3 . A second E8 transducer, #43, was used to receive the primary acoustic signals as well as difference-frequency signals above 100 kHz. The free-field voltage sensitivity of E8#43 at resonance is -200 dB re 1 V/pPa. As a check on the calibration and performance of the two E8 transducers, a cw 1410-kflz signal was transmitted from E8#50 to E8#43, over a range of 3.7 m. The predicted SPL at 3.7 ni was computed from the measured current and the transmitting current response of E8#50, including the effects of spherical spreading and absorption, and was compared to the received SPL, as computed from the measured voltage and the fee-field voltage sensitivity of E8#43. The two values of SPL agreed to within 1.2 dB. All values of primary level stated in thic report are based on current measurements, and there is an uncertainty of perhaps 2 dB.
A model LC32 hydrophone was also used to receive difference-frequency signals, gen . -erally below 100 kHz.
Measurements of the difference-frequency SPL require having a reliable calibration of the receiving hydrophones. Therefore, a reciprocity calibration of the free-field voltage sensitivity of the two hydrophones was performed in the upper tank at frequencies of 50, 100, and 200 kHz. The results appear in Table 1 . Problems with Noise
In order to obtain acceptable radiation distribution patterns, it is necessary to have as high a signal-to-noise ratio as possible. One way to increase the signal-to-noise ratio is to drive the source at its maximum signal level. Consequently, most radiation distribution Atterns were plotted when driving the parametric source near its maximum current of about 0.25 A in each primary component. Attempts to further increase the current led to a distorted current waveform with no increase in acoustic signal.
To ftrther increase the signal-to-noise ratio one must eliminate unnecessary electrical noise. For example, because the Krohn-Hite #3200 filter appeared to be a source of electrical noise, it was used only in connection with the E8#43 hydrophone, where its use was essential, and was removed from the circuit when the LC32 hydrophone was used.* Because of the noise introduced by active filters, the Para ietric Sonar Group at NUSC, New London, advocates the use of passive filters in the receiving system. An indiscriminate setting of gain and filtering controls in the receiving network generally yields a less than optimal signal-to-noise ratio. The best signal-to-noise ratios, and consequently the best-looking radiation distribution patterns, were obtained with the following control settings in the receiving network. These settings are specified for receiving a 50-kHz signal with the LC32 hydrophone:
SA1116 Preamplifier and filter:
30 dB gain, 3-to 150-kHz passband SA1l6 Preamplifier: 40 dB gain Band-pass Filter: 25-to i00-kHz passband.
The attenuator was used to reduce the received signal to the required 1 V for the recorder.
Reverberation was generally not a problem during pulsed operation. In one case, however, radiation patterns at 50 kHz, taken in the main tank at ranges of 4.1 and 5.3 m, showed some unexpected sidelobes about 30 dB below the axial level. The sidelobes disappeared when the pattern was replotted at a lower pulse repetition rate. The results suggest that the sidelobes were due to reverberation, and one can infer that reverberation is not likely to be a problem unless one is looking at pressure levels 30 dB below the axial level.
Another noise problem is the presence of a periodic noise spike in the receiving network that could drastically alter the appearance of a radiation pattern. The origin of the noise spike is not known at present. Fortunately it is related to the line frequency and can be screened from the receiving signal gate by an appropriate adjustment of pulse repetition rate during visual monitoring of the received signal.
Problems of broadband electrical noise, reverberation, and noise spikes were not important in measurements of axial pressure levels. Noise problems became significant during measurement of off-axis signals, where the pressure level was 20 dB or more below the axial level.
Other Sources of Nonlinearity
The basis of the acoustic parametric source is the nonlinearity that is inherent in acoustic propagation. The associated electronic system, however, contains two additional possible sources of nonlinearity that can interfere with observation of the desired results.
One source of nonlinearity is the power amplifier, where the high-frequency primary signals mix to create a small signal component at the difference frequency. During some early experimental runs, the power amplifier was connected directly to the E8 transducer, without use of the high-pass filter; consequently, a small difference-frequency current was present which caused some direct r&aiation of sound at the difference frequency. These results are described in Appendix A. When the high-pass filter is connected to the output of the power amplifier, no component at the difference frequency could be detected in the current to the transducer, and the resulting radiation levels and directivity patterns show no observed indication of the presence of direct radiation.
A second source of nonlinearity is the SA1116 preamplifier and filter unit in the receiving network. At the available hydrophone locations, the received acoustic signal contains high-frequency components that are typically 60 dB greater than the difference-frequency component. It is necessary to block the high-frequency signal by suitable filtering before amplifying the relatively weak difference-frequency signal. If the high-frequency components are not sufficiently attenuated, their presence will saturate the preamplifier and lead to difference-frequency generation within the p'eamplifier. This spurious form of difference-frequency generation is easily recognized, however, because its dependence on angle and range is closely related to that of the primary signal. The SA1116 preamplifier and filter unit consists of a series of amplification and filtering stages whose order of appearance depends on the gain setting control. For some gain settings all amplification occurs before the filtering, and unless filtering has been obtained by some other means, the high-frequency components are then likely to saturate the amplifier and cause differencefrequency generation. An added convenienx, of the LC32 hydrophone is that it is insensitive to the high frequencies and thus performs most of the necessary high-frequency filtering itself. When the E8#43 transducer is used as a hydrophone, it is necessary to include the KH3200 low-pass filter at the head of the receiving network in order to achieve adequate high-frequency rejection.
PERFORMANCE OF THE ACOUSTIC PARAMETRIC SOURCE
The sound pressure level of the radiated difference-frequency signal was measured onaxis at various ranges and for various values of primary and difference frequencies. In addition, polar and rectangular radiation patterns were obtained for various conditions. The results are summarized in the following subsections.
Sound Pressure Level vs Range
The differerce-frequency sound pressure level SPLd is shown as a function of range in Fig. 3 . The primary frequencies for this situation were 1410 and 1460 kHz, giving a difference frequency of 50 kHz. The E8 transducer was operated in a pulsed mode, and each of the two primary acoustic waves had a near-field sound pressure level of 214 dB re 1 uPa, as computed from the near-field current response of transducer E8#50. The points o indicate a set of measurements made in the upper tank; the points A indicate the results of a supposedly identical situation in a second tank. The two sets of data indicate the degree of reproducibility that can be expected.
The dashed curve in Fig. 3 represents an extrapolation inward of Westerveit's asymptotic result (4), valid far from the source, which can be written as It is noted that the primary levels are chosen to agree with the near-field levels of the experiment.
The lower curve in Fig. 3 The acoustic attenuation of the primary frequencies is (o = 0.04 Np/m, and according to the Westervelt model, the effective length (1/ 2 zo) of the array is 12.5 m. Differencefrequency generation, therefore, is occurring throughout the range represented in Fig. 3 . Consequently, the difference-frequency pressure amplitude decreases more slowly than 1/R, or -20 dB per decade. A reliable estimate )f the effective length of the array for diverging primaries is not known. According tc Lhe present results, the effective array length certainly exceeds the Fresnel length, R 0 = 0.30 m, of the collimated portion of the primary A more accurate value of SLd would require far-field measurements of SPLd.
Nonlinear Conversion Parameter
The sound pressure level of difference-frequency signals was measured at frequencies of 50, 100, and 200 kHz at a range of 3.7 m. The theoretical results in Eqs. (1) and (2) indicate that the difference-frequency pressure amplitude is proportional to the square of the primary pressure amplitude. Accordingly, it is convenient to normalize the results for SPLd by introducing a nonlinear conversion parameter, defined as SPLd -SPLo 1 -SPLo2. This parameter is a measure of the coupling into the difference-frequency component. Values of the difference frequency fd, the primary center frequency fo, and the nonlinear conversion parameter are presented in Table 2 . From the degree of repeatability of the results and the uncertainty of calibration, the values of the conversion param'ter are considered valid to within 2 dB. When the difference frequency changes from 50 to 200 kHz, the nonlinear conversion parameter in Table 2 increases by 14 dB. In contrast, the Westervelt result, Eq. (1), predicts that far-field values of the conversion parameter increase with frequency at a rate of 12 dB per octave, for a total increase of 24 dB over the range 50 to 200 kHz. Equation (2) includes near-field effects and predicts an increase of about 11 dB per octave, for a total increase of 22 dB, at a range of 3.7 m. Neither equation ade. quately accounts for the observed increase of 14 dB over this frequency range. Radiation Distribution Patterns Polar and rectangular radiation distribution patterns were plotted with the automatic recording equipment that is part of the Scientific Atlanta installation. Typical radiation patterns are shown in Figs. 4 through 7 . In obtaining each of these plots, direct radiation at the difference frequency, due to nonlinear mixing within the power amplifier, was prevented by use of the high-pass filter at the amplifier output. Figure 4 is a sequence of polar radiation distribution patterns at ranges from 0.5 to 3.7 m of a parametrically generated difference-frequency beam at 50 kHz. These patterns illustrate the gradual formation of the beam as a function of range. The pattern at 0.5 m is noticeably broader than the others, and the patterns at 2.0 and 3.7 m are nearly identical. --5Tn 50 KHZJ 1.1M 50 KHZ 2 .07n 50KHZz 3.7-r 50KHZ- All patterns refer to the same acoustic field; the attenuator in the receiving network was adjusted so that the peak of each plotted pattern has the same position on the graph.
Figures 5 and 6 compare rectangular (i.e., xy-plotted) radiation patterns at frequencies of 50 and 100 kHz at the same range of 3.7 m. The pattern at 100 kHz is somewhat narrower than that at 50 kHz. Otherwise, doubling the difference frequency appears to have little effect on the radiation pattern at this range. Figure 7 is a rectangular radiation pattern of one of the primary components. A comparison of Fig. 7 with Figs. 5 and 6 shows that the major part of the primary beam is narrower than either of the difference-frequency beams. Figure 8 is an automatic scan of a planar cross section of the difference-frequency pressure field at close range. The ability to obtain this type of acoustic scan is a unique feature of the NRL Acoustic Research Tank Facility and is described in Ref. 6. Each number printed in the graph indicates the sound pressure level in decibels below the axial level. To better illustrate the contours of equal pressure level, only the even-numbered pressure levels are printed. This scan was made with an LCO0 hydrophone mounted in an end-on position. Figure 8 indicates that, as anticipated, the difference-frequency pressure field is symmetrical about the axis.
Beamwidth vs Frequency and Range
The angular width of the radiation patterns at points 3 dB, 6 dB and 10 dB below the axial level was determined from plotted radiation patterns. It was found convenient to use rectangular patterns with a horizontal scale of 0.60 per small division for this purpose. With the help of an architect's scale, the beamwidths could be read to the nearest 0.10. The resulting beamwidths of difference-frequency radiation patterns are given in Tables 3 and 4. Table 3 gives beamwidths at various frequencies at a range of 3.7 m. Table 4 gives beamwidths at 50 kHz as a function of range. The slight discrepancy in measured beamwidths for 50 kHz at 3.7 m, seen in comparing the second line of Table 3 and the last line of Table 4 . The reason for the larger observed beamwidths is not known. However, the assumptions underlying the Westervelt rmodcl are not satisfied by the experimental conditions, and close agreement between calculated and measured beamwidths is not anticipated. Other experimenters, e.g., Smith (7), have measured 3-dB beamwidths that are narrower than the results predicted by the Westervelt formula. 
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Summary of Typical Operating Characteristics
The typical operating characteristics of the E8 parametric sound source are summarized for operation at maximum level for a difference frequency to 50 kHz. Reproduced from best availableo cpy.
By removing the rear plate of the bladder housing, substituting an open grille, and using helium as the compensating gas, it is possible to attain the transmitting current response 65 dB re 1 pbar/A at 47 Hz.
Conservation of Compensating Gas
Several tests were carried out to determine the amount of depth change that can be compensated by the rubber bladder alone. At the maximum depth 600 ft, the rubber bladder will provide compensation for a decrease in depth of 378 ft. TIh= amount of compensation by the bladder is reduced with dcrease in operating depth as shown in Fig. 9 . Calculations in Appendix B show that if the SCPCS gas supply is fully charged to start with, seven excursions can be made from the surface to 600 ft and back before it becomes necessary to replenish the gas supply. The amount of gas used from the bottle for each full depth excursion is based on the drop in bottle pressure recorded during tests in the pressure tank. Because of charging 'imitations, the highest gas-bottle pressure attainable during the tests was 1480 psig.
Maximum Pressure Differential
The maximum pressure differential that occurred within the transducer was not measured. The maximum value would occur during rapid descent to or ascent from operating depth, when the highest demands are made on the supply regulators and the relief valve. Maximum rates of descent and ascent during the tests were recorded, however. The highest rate of descent was 8.29 ft/sec; the highest ascent rate, 9.21 ft/sec. These rates were experienced without structural failure of the transducer. Figure A2 shows the equivalent electrical circuit for this acoustical system. The elements C t and C b of the circuit are the volume compliances of volumes V t and Vb, respectively, where C t = Vt/P 0 C 2 and = Vb/ C2; P 0 is the density of, and c is the sound speed in, the compensating gas; Pt and Pb are the sound pressures at the entrance to the transducer housing and the bladder housing, respectively. For the boundary condition 16 Hz < f < 3900 Hz, the total acoustical resistance (All of the four passages is where w = 2Trf, V is the kinematic coefficient of viscosity of the compensating gas, and 2" = 0.85a is the end correction for the passage.
Applying network analysis to the equivalent electrical circuit, we find that For specific frequencies, the attenuation is:
Freq 20 log (pb/pt) (Hz) (dB)
50
-19 100 -34 3900 -127
